A large number of initiatives in cities in Brazil-including slum clearance and upgrading-have been undertaken over the years in an effort to ameliorate the problems arising from informal occupation; unfortunately, however, little is known about the related performance outcomes. Careful appraisal of the results of such initiatives is thus called for, covering evaluations of dwellers' perceptions of the upgraded environments. Among the available evaluation methods, post-occupancy evaluation (POE) is commonly employed, although it fails adequately to reflect prevailing subjective concepts of quality. The present paper contains the partial findings of a research exercise aimed at developing an original method, using fuzzy logic, for urban environmental quality evaluation in informally occupied areas on the basis of combining quantitative indicators and dweller perception. It combines POE with fuzzy logic in order to develop tools that can better model the uncertain information that emerges from that kind of study. This paper aims to introduce an uncertainty measure used in order to identify the strengths and weaknesses of slum upgrading projects. The results show that it is possible to quantify certainty degrees in the findings and to define if additional information is needed.
INTRODUCTION
Urbanisation is now an accepted feature of the modern world. The world has become progressively more 'urban' and less 'rural', with the process of urbanisation often closely intertwined with 'development'. 1 This urbanisation process, however, has not necessarily resulted in a better quality of life for everybody, producing a situation that effectively contravenes the principles of sustainability.
An urgent need exists in the cities of developing countries to accommodate rapid population growth, provide essential infrastructure, address the problems of rapidly deteriorating physical environments and, above all, to improve housing, especially for the poor. 1 This is the case in big Brazilian cities, where the inequalities have become increasingly apparent over the years 2 and where access to urban land (or the lack of it), which occurs in a grossly unequal way, effectively constitutes a real social barrier. 3 Owing to these poor dwelling conditions, the concept of sustainability has been mistaken for another: the concept of habitability. Both sustainability and habitability have the same objective, that is to achieve and maintain good living conditions. 4 Nevertheless, sustainability covers three pillarssocial, economic and environmental-and it is therefore more comprehensive than habitability. Despite these differences, habitability conditions are an important factor to achieve sustainability conditions, and it is therefore important to evaluate them.
Informal settlements in Brazilian cities are highly representative of the drag on sustainability. While official pioneering inequality-reduction initiatives aimed at improving informal settlements have been undertaken by the state and city authorities, the low-income population with no access to the various housing programmes have 'gone it alone', by selfbuilding in areas that tend to lack essential sanitation services and fail to provide adequate living conditions. 5 This model of informal housing production can perhaps be regarded as a contribution to a country's formal economy, given that it does not require the investment of substantial resources. It is, however, environmentally and socially unsustainable. 5 Various actions in urban environments such as support for selfbuilding programmes, slum upgrading, urban rehabilitation and the formation of cooperatives for housing provision currently seek to combine the benefits of informal housing production with technical norms, income generation and environmental education initiatives in order to produce a more habitable environment. Such actions call for a great input of human, material and financial resources, thus it is necessary to ascertain that the resources are applied correctly as well as to improve the planning process. Thus, a suitable evaluation method is required. studied and as responsible for its maintenance and therefore for its sustainability. There are, however, two problems in dealing with this information. First it involves subjective, uncertain or illdefined, concepts. Second, it is often in qualitative scales of measurement which is problematic as there are a limited number of methods for dealing with data in qualitative scales. 13 This can be overcome by converting the data into quantitative scales but the disadvantage here is that it adds another type of uncertainty. This is discussed in section 2.1. With regard to uncertainty, it can be better approached by using fuzzy set theory (or fuzzy logic-FL; see section 2.2). FL was proposed to deal with subjective, vague, uncertain and ill-defined, information that is found in natural languages. 14 This subject is discussed in section 2.3. In order to make it possible to include the views of the users-in qualitative scales-in urban evaluation methods, some tools were identified in the FL literature to make it possible to deal with qualitative data in their original scale. This is the starting-point of this approach.
In the present paper an FL approach based upon dweller perception is introduced to identify the strengths and weaknesses of slum upgrading projects in Brazil. This is a first step of a method in developing for urban environmental quality evaluation in informal areas. The complete method is composed of (a) data collecting (b) identifying strengths and weaknesses (c) obtaining indicators-quantitative and qualitative (d ) environmental urban quality report.
Although this method has been applied to slum upgrading projects, it can be applied to other types of buildings by changing the variables of evaluation according to the aims.
POE, DWELLER PERCEPTION AND FL
POE combines technical evaluation and the views of the users to obtain a global evaluation of particular spaces, such as urban spaces, schools, hospitals and shopping malls. 15 It is designed to evaluate systematically the performance of buildings after they have been built and occupied for some time. This approach differs from other evaluations of building performance in that it focuses on the requirements of buildings occupants, including health, safety, security, functionality and efficiency, psychological comfort, aesthetic quality and satisfaction. 11 It aims to close the 'building cycle', providing information for remodelling or new similar buildings ( Fig. 1(a) ). Although there are different levels of POE-indicative, investigative and diagnostic-a basic organisation chart to develop POE studies can be summarised ( Fig. 1(b) ).
Besides the technical evaluation, POE is based on the idea that asking users about their needs can provide important inputs into the design process. Lessons learned from POE exercises can therefore provide useful pointers for planning, programming and design processes, effectively using successful building initiatives as a benchmark and avoiding the repetition of past errors.
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Dweller perception about the surrounding environment is influenced by personal experience (social status, education, etc.) and private expectations. 16 It is therefore by nature uncertain and vague information; for example, a suitable bedroom size is different for everybody. Since uncertainty is inherent to human language, it does not invalidate POE results about the importance of the views of users.
Another type of uncertainty in POE studies arises from conclusions about strengths and weaknesses. This uncertainty stems from the methods that have been used to analyse the data. Quantitative methods have often been used to analyse data in 'scales of satisfaction' that are themselves often qualitative. In order to convert qualitative scales to quantitative ones, some assumptions about distances between classes are required, even though they are not always true and add uncertainty to the conclusions.
Measurement scales
In order to assemble dweller perception data, multiple-choice questionnaires are frequently employed. Quantitative scales have well-defined distances.
Take as an example the qualitative evaluation scale with three classes: Bad, Regular and Good. By the properties of qualitative scales it is known that Good is larger than Regular and Regular is larger than Bad (i.e. Bad!Regular!Good), but it is not possible to quantify how different these classes are. If, however, 1, 2 and 3 are assigned to these classes respectively and it is believed that these numbers mean quantities, not only codes, it is then possible to say that the difference among the consecutive classes is '1' (interval scale) or that Good is three times Bad (ratio scale). Nevertheless, this is not absolutely true and contributes to corroborating some researches that categorically affirm that qualitative data dealt with as quantitative data produce an erroneous outcome. 13 The importance of the type of scale is clear from the above: the methods of data analysis depend on the type of scale.
17
Since the majority of POE studies employ qualitative scales they would appear to be more suitable for this study. Moreover, concepts in qualitative scales do not exhibit uncertainties related to fuzziness of classes and the communication between the interviewer and the interviewee is facilitated in this way. It is therefore proposed to use qualitative scales and to develop new tools to analyse the data in these scales.
Fuzzy logic
FL was first put forward in 1965 and it has been used in several knowledge areas, mainly in control, automation, decision making and geographical information systems. It is considered to be an extension of the classic set theory and it stems from the fact that more often than not the classes of objects encountered in the real physical world do not have precisely defined criteria of membership. For example, take the 'class of all real numbers which are much greater than 1', or 'the class of tall men'; these classes have ambiguous or imprecisely defined criteria. 14 While classic theory (or two-valued logic) deals with two situations-True or False-meaning membership and non-membership, FL deals with this ambiguity with a continuum of grades of membership.
14 Membership relation is the main feature distinguishing non-fuzzy sets (crisp sets) from fuzzy sets and it can be represented by a characteristic function, or membership function. Given a universal set X and a subset crisp A4X, a characteristic function, A(x), assigns '1' if the element x belongs to A and '0' if x does not belong to A. In mathematical terms, the characteristic function A(x) of the subset A is a function that has A as a domain set and the set ImZ{0, 1} as an image set.
With FL the image set is defined in a continuum of grades of membership, the discrete set ImZ{0, 1} is replaced by the continuum set ImZ[0, 1], where intermediate values represent the membership degree of a given element, so that an element can be partially in a set.
Take the subset of 'ages' as an example. If a given person is 50 years old, by the classic set theory ( Fig. 2(a) ), it is possible to conclude that this person is middle-aged. By the fuzzy set theory ( Fig. 2(b) ) this person can be middle-aged (membership degree 0$67) or old (membership degree 0$33). In other words, the possibility that this person is old is smaller than the possibility of his being middle-aged. This approaches human reasoning given that the person can be considered middle-aged and also old.
Although the membership function of a fuzzy set has some resemblance to a probability function, there are essential differences between these concepts. 9 In fact, fuzzy set has a completely non-statistical nature. While the probabilistic approach relates to events that have well-defined, unambiguous meaning, based on two-valued logic and assesses whether an event will occur, the FL approach relates to events that have no well-defined, unambiguous meaning, based on multi-valued logic and describes the degree to which an event occurs, not whether it occurs. 9 The example of representation above is one of the commonest methods used in FL for constructing the so-called linguistic variables. 19 Linguistic variables use quantitative scales to construct linguistic terms. The example above uses ages in a time-scale, namely years, to construct the subsets Young, Middleaged and Old that are linguistic terms. FL approaches using indicators based on linguistic variables have been proposed to measure sustainability degrees. 8, 9 Although this approach (linguistic variables) does not make it possible to deal with qualitative scales, it is possible to use qualitative measures with a membership degree as a fuzzy set. Take, From the above membership degrees it is possible to model mathematically the uncertainty germane to human language. This is one of the types of uncertainty recognised in the relevant literature; other types are examined below.
Types of uncertainty
Uncertainty has been categorised in five mathematical theories: fuzzy set theory, possibility theory, Dempster-Shafer theory (DST), classical set theory and probability theory. Three basic types of uncertainty are addressed in these theories: fuzziness, nonspecificity and conflict. Dweller perception using fuzzy logic for slum upgrading Moraes † Abiko 153
Fuzziness is the uncertainty that stems from the difficulty, inability or impossibility to make precise distinctions regarding the presence or absence of a given property or feature in a given situation of interest-the class of Young people above, for instance. It is formalised in fuzzy set theory only. Non-specificity arises from our inability to discriminate which among several alternatives is the true alternative in a given situation, and conflict is present whenever there is some kind of discrepancy or inconsistency in the information or evidence. 20 While it is not possible to do anything to reduce fuzziness because it is an inherent property of natural languages or it is given by definition, both non-specificity and conflict can be reduced by additional observations, experiments or other relevant information-producing actions.
A measure of fuzziness measures how fuzzy is a given fuzzy set, comparing a fuzzy set with its complement or with the nearest crisp set. This measure is '0' only if a given set is crisp. In order to define a suitable measure of fuzziness some requirements were proposed by De Luca and Termini. 21 Conflict is present in probability theory, DST and to a lesser degree in possibility theory. Although there are many proposals for measures of conflict in the literature, none of the proposals is fully satisfactory and widely accepted. 20 The best established measure of uncertainty in general and the only widely accepted measure of conflict is the well-known Shannon entropy 22 that is defined for an arbitrary probability distribution function. This measure has been used in place of variance measure to examine voters' uncertainty as they assess candidates' policy positions in electoral studies. 23 Non-specificity is the most widely recognised type of uncertainty, first quantified by Hartley for finite crisp sets. In this case, nonspecificity is associated with the knowledge that a sought alternative is one of a set of alternatives. To measure the nonspecificity of fuzzy sets, the Hartley measure was generalised via its a-cuts. 19 The resulting measure is called U-Uncertainty, defined by equation (1), where h(A) and j$j represent the height and the cardinality of subset A respectively U ðAÞ Z 1 hðAÞ
The minimum value of U-Uncertainty is '0', occurring when a single alternative is chosen. The maximum value logjAj occurs when all the alternatives have the same possibility of being true. Since the maximum and minimum values of this measure are well known, it can be easily normalised to the interval [0, 1], which is easier to compare (equation (2); for further details see Ref. 19 ). Alternatively, the certainty degree, C, can be obtained by calculating the complementary value given in equation (3) CðA Þ Z 1$0K U n ðAÞ 3 U-Uncertainty is important for this paper because the lower the U-Uncertainty measure, the higher the consensus about one alternative. In other words, if there is a predominant answer U-Uncertainty is low. This property can be used to verify the degree of certainty existing in the conclusions about strengths and weaknesses in POE studies. It enables the validity of its findings to be quantified.
In spite of the development of FL as mathematical theory 24 as well as of its applications, 25 there are few applications of uncertainty measures in other areas apart from information and communication theory. The method described below explores the ability of FL to deal with qualitative scales used in surveys of perceptions (satisfaction, opinion or evaluation).
METHOD

Data collection
First, a documental research was performed about the slum upgrading project in the selected area described below. From this research a survey using POE tools was carried out in this project area: questionnaires and walkthrough. Walkthrough is an exploratory survey in the study area using non-structured or structured interviews with key dwellers or users. A total of 120 questionnaires were applied on the basis of multiple-choice questionnaires composed of objective and subjective questions about the systems and services implemented. On the one hand, the objective questions aimed to compose quantitative evaluation based on salubrity indicators. 26 On the other hand, subjective questions inquired into the views of members of this population regarding their environment in the wake of the various upgrading 
Data analysis
Classical and FL approaches were performed. The classical approach followed three steps.
(a) The qualitative scale was converted into a quantitative one by assigning the numbers 1, 2 and 3 to the classes Bad, Regular and Good respectively. (b) If the mean of an analysed variable was below the middle point (2), this variable was considered to be either a weakness, otherwise a strength. (c) Standard deviation was used to evaluate the distribution patterns of the answers.
Regarding the FL approach, the following steps were carried out.
(a) Evaluation fuzzy sets (E ) of each variable were constructed from the relative frequencies of answers in each class, which could be defined by EZ fBad=E ðBadÞ; Regular=EðRegularÞ; Good=EðGoodÞg where E(x)denotes the membership degree of an answer x for an evaluation set; in this case, E(x) is the relative frequency of the answer x. (b) Subsequently, the most frequent answer (mode) was analysed for each variable; if the mode was Bad, then the variable was considered a weakness; if, however the mode was Good, then the variable was considered a strength and if the mode was Regular, then the second most frequent answer had to be considered. (c) U-Uncertainty measure was calculated for each evaluation fuzzy set. The analysed variables were placed into three groups: dwelling, environmental sanitation and surrounding area. Variables that exhibit low uncertainty are strengths or weaknesses according to the most frequent class, with a high degree of consensus. Nevertheless, if an evaluation fuzzy set exhibits an intermediate or high uncertainty degree then it needs complementary analysis to reduce this uncertainty. This complementary analysis can be performed grouping answers by control variables.
It is worth noting that classical, that is statistical, and FL approaches are not exclusory because they deal with different facets of the events: probability, randomness in statistics and ambiguity, vagueness, ill-defining in FL. Furthermore, they can be complementary.
CASE STUDY: NOVOS ALAGADOS
This case study was performed in one of the Ribeira Azul programme areas. This is a slum upgrading programme targeted at recovering an urban mangrove swamp area in Salvador, the capital of Bahia state, called Alagados and Novos Alagados, through a series of integrated physical, social and incomegeneration actions. Alagados and Novos Alagados are occupied by low-income people living mainly in unhealthy conditions in rough waterside pile dwellings called palafitas (Fig. 3) . The first invasions began in 1940 and eventually spread over part of the swamp in the seawater bay (Fig. 4(a) ). This programme covers an area of around 4 km 2 and contains approximately 150 000
inhabitants: equivalent to 6% of the population of the entire city. 27 This area exhibits the worst social indicators of the city. At the beginning of the upgrading operation 13 100 people lived in this settlement in subhuman conditions, 3500 families lived on stilts, 45% of the economically active population did not receive any income, 59% of the families in the area lived on half the minimum wage per month (US$45), 13% of the houses on dry ground were not provided with toilets and 64% of the sanitation facilities installed were not functioning properly. 27 
Slum upgrading project
Slum upgrading actions, which first got under way in Novos Alagados (an area measuring 0$62 km 2 with around 6750 inhabitants), represented a successful model for the remaining areas. 27 The infrastructural and urbanistic project (1995-1999) was composed of a transport system and the installation of urban equipment, including embankment, street surfacing, water supply system, sewage system and drainage system. After providing these systems, services such as electricity supply, public lighting, streetsweeping service and garbage collection were also implemented. Besides these systems and services, 144 new houses were built inside the area for internal resettlement (embryonic housing units of 14 m 2 -living room and bathroom) and two new housing projects near the area composed of 270 new houses for external resettlement (embryonic housing units of 22 m 2 -living room, kitchen and bathroom). Improvements were also made to 150 existing homes and 50 new houses were built to replace poor wood dwellings in 2002. A square, a communitarian centre and a nursery school were also built and improved 28 ( Fig. 4(b) ).
Results and data analysis
After physical actions took place, some coverage indicators were improved-that is, mainly sanitation indicators. The survey performed in Novos Alagados shows that all families that lived on stilts were relocated to dry ground and the percentage of houses without toilets was reduced from 13% to 5%. Table 1 summarises Municipal Engineer 161 Issue ME3 Dweller perception using fuzzy logic for slum upgrading Moraes † Abiko 155 these indicators obtained from the survey after the slum upgrading project. Water supply, sewage system and solid waste collection exhibit high values of coverage as well as electricity supply. Although these indicators are evidence of the success of the project, some problems still remain such as flooding areas and they can only be identified by living at site, or alternatively, by asking the dwellers. Table 2 shows the results of the dwellers' opinion questions. According to this table, the weaknesses of the slum upgrading are (a) number of bedrooms, size of house and roof (in terms of dwelling conditions) (b) sewage system, drainpipes and gutters, safety precautions against floods and distance from public telephone (in terms of environmental sanitation)
Classical approach. The 'Classical approach' column in
The rest of the variables are strengths. Excepting the variable leisure places, community associations and electricity supply, standard deviations are high and close to each other. The maximum value of standard deviation, (in this case 1$00), occurs when the answers are only in the opposite classes: Bad and Good. Although this is the most widespread situation, it is not the most uncertain. In fact, the highest uncertainty situation occurs when each answer has the same frequency and U-Uncertainty can identify this situation.
Fuzzy logic approach.
The 'Fuzzy logic approach' column in Table 2 shows a FL approach. The strengths and weaknesses are the same as in the classical approach. The column U-Uncertainty in the FL approach, however, provides additional information: the U-Uncertainty measure.
It is worth noting that some variables present a high uncertainty measure, which means that these variables do not possess consensus and therefore cannot be considered absolute strengths or weaknesses. This lack of consensus can be related to other variables, for example, 'drainpipes and gutters' and 'safety precautions against floods' in Table 2 indicate a non-consensual evaluation, perhaps owing to local flood problems.
In order to reduce the uncertainties exhibited by some variables a complementary data analysis is needed. A first analysis was performed by separating data into categories of type of house (1: provided by state; 2: provided by state and remodelled by dwellers; 3: self-help building; and 4: bought or rented from others). Table 3 shows that the categories of type of house are not sufficient to reduce or lower the uncertainty in each category. For example, water facility evaluation holds the uncertainty low in all categories except type 1, which increases. This table shows that, although the uncertainties are not reduced by categorisation, some groups answer differently from the others. It is possible to observe that in terms of dwelling conditions: (a) all categories evaluate water, sewage and electrical facilities as strengths; electrical facilities hold different levels of uncertainty however; (b) types 2 and 3 are similar in dwelling conditions evaluation; (c) air renewal is a strength in type 1 with a low uncertainty, unlike the others. In terms of environmental sanitation (d ) water and electricity supply and public spaces are strengths in all categories; (e) drainpipes and gutters and distance from public telephone are weaknesses in all categories; ( f ) houses in type 1 and 2 exhibit the same strengths and weaknesses except for land tenure security; (g ) type 4 exhibits the worst evaluation, and with the exception of water supply, public spaces, electricity supply and land tenure security, all variables are weaknesses. In terms of surrounding area (h), type 4 is the only one that exhibits weaknesses: public services and distance from bus-stop.
After this analysis, an exhaustive analysis was performed seeking to understand the high uncertainties held by some variables. This analysis comprised separating groups based on objective variables. For example, besides the type of house presented, roof evaluation can be categorised in materials used in the roof, that is fibre asbestos cement, earthen tile roofing, concrete slabs, and whether or not the dwelling exhibits problems of infiltration during the rainy weather. Table 4 summarises the final results and findings. Although the provision of certain basic services remains unresolved, the method used for slum upgrading in Novos Alagados has a substantial chance of success. The majority of variables analysed were evaluated positively. This POE exercise could well provide useful information for future project actions in this area; for example, a new project in a neighbouring area, called Novos Alagados II, carried out after Novos Alagados slum upgrading, exhibited the same problem related to the size of houses and ownership of the housing units. 27 This could have been avoided if a POE study had been performed and its results obtained before the new project was undertaken.
This POE study shows that it is worth drawing attention to: (a) planning of house size and the number of bedrooms (since different families need different housing units), roofs that exhibit problems during rainy weather and improving air renewal mainly in self-building units (in terms of housing conditions); and (b) sewerage and drainage systems, since there is still a considerable number of streets and houses where flooding occurs, see Table 1 (in terms of environmental sanitation). The drainage system located in a mangrove area calls for particular scrutiny.
Results show that non-consensus does not imply subjective evaluation but rather problems related to sub-region specificities or to particular problems associated with the buildings, for example: size of houses related to number of rooms, roof related to problems during rainy weather and public lighting related to lack of the public service. Table 3 , however, also shows that different groups of population evaluate the slum upgrading differently, mainly the group of category 4.
Finally, it is worth mentioning that new projects and actions in this area should be able to benefit from these findings to ensure the avoidance of errors. 
About non-specificity measure
Non-specifity measure possesses certain advantages in comparison with classical measures.
(a) The independence from the type of scale used-measurements from nominal scale through to ratio scale can be used, with no need to make assumptions or amendments. (b) The resulting measures can be easily normalised since the maximum and minimum values of these measures are welldefined and provide an easy way to compare and assess the outcomes. (c) Non-specificity measure possesses more sensibility than standard deviation to measure uncertainty in distributions. However, standard deviation is not an uncertainty measure: it is a dispersion measure. (d ) When there is a large quantity of variables to be analysed, the non-specificity measure evidences the ones to which attention must be paid without the need to check the pattern distribution for each one, as in the classical approach.
Since from the non-specificity measure it is possible to obtain the certainty degree to add to the predominant answer, this contributes to improving conclusions that can be obtained from POE analysis. It also highlights the need for obtaining additional information in cases where there is no consensus.
From the above it can be verified that use of the FL approach put us in a better position to assess the veracity of strengths and weaknesses. In effect, it reduces the uncertainty in the conclusions produced by POE data and increases the chances of new projects being carried out successfully.
Finally, this study also revealed that complementary studies focused on uncertainty-reducing procedures and on identifying tools for evaluating these procedures are necessary. Thus, the next steps in this research should include non-parametric tests-for example chi-square test 13 -and the use of similarity measures 29 in order to evaluate the significance of the additional findings in uncertainty-reducing procedures and to establish ways for comparing classical and FL results. 
Land tenure security
Distance from bus-stop C 0$76 
